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In this study, we present experimental and theoretical analyses of double emulsion drop evaporation. After the
apparent completion of evaporation of the inner phase of a double emulsion drop, surprisingly, a resurfacing of a
daughter droplet is observed. We further investigated to hypothesize this phenomenon which allowed us to obtain a
prolonged fixed contact line evaporation for a single phase drop along with similar occurrence of resurfacing as of the
double emulsion drops.
Introduction
The importance of drop evaporation can be identified in
numerous applications such as ink-jet printing, coating
technologies1,2,self cleaning3, bio-sensing4 and droplet
based micro-fluidics5,6. For the phenomenon being highly
sensitive to surface morphology and its chemical composi-
tion7 it sparked numerous researchers across disciplines to
conduct theoretical and experimental investigations8–11.
Interestingly, the study of evaporation which is crucial
for range of applications, from DNA mapping12 to chip
manufacturing13, has not been extended for multi-phase
droplets, though that of a single phase droplet has been
well analyzed and understood8–11. The study of different
aspects of multicomponent drop is sparsely attended. Dou-
ble emulsion droplets, a simplest representation of multi-
component drop, is of paramount importance for their po-
tential in several applications staring from encapsulation
technology, drug delivery to the development of micro-
nano scale devices14–19. Recently, evaporation of a drop
of transparent mixture of water, ethanol and anise oil -
commonly known as ‘Ouzo drop’ was studied where four
phases of evaporation were observed20. This intrigued re-
searchers to look into the previously unexplored evapora-
tion patterns or modes associated with compound or mul-
tiphase droplets. The necessity of such studies becomes
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paramount for technologies that facilitate targeted and en-
capsulated delivery of drug or active reagents 21,22 where
delivery on demand is crucial. Precise control over the dis-
appearance of the outer protective shell can provide a su-
perior passive control on the time stamping.
For evaporation of an isolated liquid sphere in an in-
finite medium, rate of mass transfer follows a linear rela-
tionship with radius, as described by Maxwell‘s equation,
where the diffusive flux is used as an analogy to the elec-
trostatic potential23. Picknett and Bexon24, in their pio-
neering work, distinguished between the existence of two
modes of sessile drop evaporation, namely, constant con-
tact radius (CCR) or fixed three phase contact line (fixed
TPCL) and constant contact angle (CCA) or moving TPCL.
The chaotic existence of both modes is often observed,
particularly at the end of the droplet evaporation until a
visual observation permits to measure the contact angle.
The measurable end of the evaporation is always identified
by reporting the diminishing contact angle which is diffi-
cult and erroneous to report below 5◦. In reality the ex-
istence of the liquid thin film with finite volume is always
ignored. The transition25–29 from fixed to moving contact
line occurs when the evaporating flux at the TPCL domi-
nates over the evaporation through the liquid-vapor inter-
face. With attainment of a critical contact angle, droplet
perimeter can no longer remain pinned on the substrate
and starts slipping. Thus, the moving TPCL evaporation
mode is observed. This is a consequence of the competi-
tion between an intrinsic adhesion force that arrested the
contact line motion and an exertion of a force due to evap-
oration flux that attempts to overcome this barrier by con-
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tracting the droplet through liquid-vapor interface25. The
stick-slip or stick-jump at the moving contact line is an-
other observation researchers have reported for drop evap-
oration in number of situations 30–32. The adaptability of
the well advanced single phase droplet evaporation theory
was studied for drop evaporation on textured non-wetting
situations by Dash and Garimella 33. Quite recently, in-
termittent stick-jump mode in drop evaporation has been
reported34 where the authors further exploited the stick-
jump by maneuvering the surface roughness.
This paper investigates double emulsion drop evap-
oration; however, the adaptability of existing theory for
single phase drop evaporation is carefully scrutinized be-
fore comparing it with that of double-emulsion scenario.
This required us to experiment with single phase droplets
that are involved in double emulsion study with the same
drop liquid and substrate combinations. While the single
phase drop evaporation study is well studied, evaporation
of a double-emulsion droplet may pose a complicated sce-
nario since there are new or modified interfaces with an
additional liquid-liquid interface and two TPCLs. For com-
paring with the double emulsion drop evaporation, certain
modifications are necessary that are developed after con-
firming the validity of the well-established models used in
the literature.
We observed surprising appearance of a daughter
droplet after the completion of noticeable evaporation of
the inner drop. The unexpected occurrence of a daughter
drop is coined as ‘resurfacing’ of daughter droplet. Based
on the phenomenological evidence of resurfacing of a tiny
drop during double-emulsion drop evaporation, an hypoth-
esis is proposed which is validated with single phase drop
evaporation where the occurrence of daughter drop is care-
fully engineered.
Experimental methods
Deposition of a double emulsion drop
Generation of a double emulsion drop required the design-
ing of a customized concentric coaxial needle with two dif-
ferent inlets. With a smaller diameter (do = 0.5mm), the
inner needle is slightly (0.5mm) protruded outside of the
outer needle which has a larger diameter (do = 1.8mm). For
the experiments, the inner needle was connected to the de-
position unit of DSA 100E (KRU¨SS GmbH, Hamburg, Ger-
many) while a secondary pump was connected to the inlet
port of the outer needle. Initially, the outer phase liquid
was pumped through the outer drop inlet port. After the
generation of the outer drop of known volume, the inner
drop deposition unit of DSA 100E dispensed the inner drop
Fig. 1 Evaporation of double emulsion drop (images are not
drawn to scale): Panel A: (I) generation of double emulsion drop
at the tip of the co-axial needle (II) deposition of double emulsion
drop (III) evaporating double emulsion drop ; Panel B: Schematic
of the double emulsion drop evaporation process:(I) evaporation
of the outer phase , (II) disappearing outer phase drop, (III) evap-
oration of the inner phase (IV) resurfacing of daughter droplet
; Panel C: experimentally observed four stages (I-IV) of double
emulsion drops. Synthetic colouring is used to distinguish be-
tween inner and outer drop phase.
liquid at desired flow rate. The immiscibility between two
phases and smaller inner drop volume facilitates the suc-
cessful generation of the double-emulsion droplet at the tip
of the co-axial needle. Each experiments were conducted
for at least three times. The uncertainty of drop volume
was as low as ±0.1µL. The generated double-emulsion
drop (Panel A of Fig. 1) at the tip of the co-axial needle
was then brought into contact with pre-cleaned substrate
to deposit the drop. As the needle was retracted away from
the substrates, the drop detached from the needle. Panel
B and C schematically identify different distinguished steps
of the evaporation.
Droplet liquids and substrates
An appropriate selection of liquid combination allowed
the detachment of the inner drop from needle at the
outer drop-air interface. For validation of the proposed
modified model for double emulsion drop evaporation,
we studied the evaporation of single phase drop of wa-
ter (saturated vapor concentration, cs = 0.017 kg/m3, dif-
fusion coefficient, D = 2.4× 10−5 m2s−1), diiodomethane
(cs = 0.018 kg/m3,D = 6× 10−6 m2s−1) and toluene (cs =
0.14 kg/m3,D= 8×10−6 m2s−1). For double-emulsion drop,
diiodomethane was used as inner drop while outer drop
was of water. Oleophobic substrates (10 cm× 4 cm), pris-
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tine adhesive surface (5 cm× 5 cm) and acrylic sheets
(5 cm× 5 cm) were used as substrates for evaporation
studies. The oleophobic substrates were cleaned with de-
ionized water and ethanol prior to each experiment. For
cleaning the acrylic sheet, acetylene was used in addition
with de-ionized water and ethanol. The average roughness
values of the substrates are reported in Table 1.
Table 1 Surface roughness of the substrates
Substrate Measurement technique Roughness
(water drop) (nm)
acrylic Optical Profilometry 4-5
oleophobic Atomic Force Microscopy 10-30
adhesive Optical Profilometry 130-135
Visualization and Contact angle measurements
After careful deposition on a pre-cleaned substrate, the
drop was allowed to attain equilibrium configuration. The
change in contact angles and base diameter were recorded
by the in-built imaging system of DSA 100E. The CMOS
camera allowed to optimize the image settings and record-
ing of the entire drying period at 60 frames per second
from side. An additional synchronized CMOS camera cap-
tured the top view of the evaporating drop. The outer di-
ameter of the needle was used to calibrate the pixels for
their transformation into physical dimension. Base diam-
eter and contact angles were analyzed from the side view
of the droplet, whereas, the top views further assisted in
comprehending the process, specially at the end of drying
period as discussed later in this article. To measure the
dynamic contact angle from recorded frames, sessile drop
technique was employed. This method utilizes the tangent
method for contact angle measurement.Though the Young-
Laplace equation fitting method is a better option for mea-
suring static contact angle, but its assumption of symmet-
ric drop shape restricts its applicability for dynamic contact
angle measurement. Hence, the tangent method was used
for contact angle measurement.
Results and discussion
Double emulsion drop evaporation
The so-called double or multiple emulsion drop system,
also often termed as emulsion of emulsion, duplex emul-
sion, multiple emulsion or compound drops interchange-
ably35, can be defined as a drop completely engulfed or
encapsulated by another immiscible liquid drop36. In this
study, a diiodomethane drop is encapsulated inside a wa-
ter drop and evaporation is studied on a oleophobic sub-
strate. Similar to a single phase drop, evaporation starts
with fixed TPCL mode for double emulsion drop when the
base radius remains unaltered for a considerable time. This
consequences in the decrease of contact angle as well as
drop height as shown in Fig. 2(a) (Side views - S1, S2 ;
Top views - T1, T2). Ensuingly, the outer phase water drop
height decreases to that of the inner drop. At one point of
time, the two interfaces interact with each other. We have
termed the time period − from this interface interaction
to the complete exposure of the inner droplet to air − as
‘transition regime’. Since the air-water interface is shrink-
ing due to evaporation, eventually the inner drop gets ex-
posed to the air by forming an air-diiodomethane interface.
The partially exposed inner drop is shown in S3 and T3 of
Fig. 2(a).
It is worthwhile to notice that the second mode of
evaporation (moving TPCL) for outer drop is obstructed
and shortened by the existence of the inner drop. The time
required to complete the fixed TPCL evaporation mode for
a single phase water drop is denoted as tdry,w,a in the figure.
This is longer in comparison with the time observed for
same sized water drop cushion in case of double-emulsion
drop case. With this observation, one can argue that the
majority of the liquid can be evaporated with a fixed TPCL
by carefully maneuvering the outer to inner drop volume
or contact line radius ratios. In the considered volume ra-
tio of water and diiodomethane drops, for outer drop a
very short period of a moving TPCL mode was observed.
Once both the liquids compete for the evaporation, a third
mode was observed with moving TPCL with changing con-
tact angles, where the outer drop merely existed at the
bottom of the inner drop as seen in S4 and T4 (transition
regime). The water drop forms a precursor film around the
inner diiodomethane drop. A change in the contact angle
confirms the visible drying of the water, i.e., outer phase
which is shown in the inset of Fig. 2 (b). The change in
the base diameter suggests the coexistence of water and
diiodomethane in liquid-vapor phase along the TPCL. This
coexistence of both phases and corresponding changes in
the diameter and contact angle is certainly a function of
diffusivity, evaporation flux and all other evaporation dy-
namics parameters. The detailed parametric analysis is re-
quired to comment on the importance of these parameter
which needs further attention.
After the complete outer drop evaporation, the inner
drop liquid-vapour is exposed to the air and thus the di-
mensions of the inner drop starts to change. The dotted
line at ∼ 1000s demarcates the inner drop and outer drop
evaporation regime. Once the inner drop was appeared
to be completely evaporated the contact angle was almost
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Table 2 Contact angles of different drop liquids on the substrates used for experiment
Drop liquid Liquid boiling point Substrate Medium Contact Angle
(◦C) (◦), ±3
water 100 oleophobic air 80
water 100 adhesive air 105
water 100 acrylic air 78
water 100 acrylic with ring air 85
diiodomethane 181 oleophobic air 70
diiodomethane 181 oleophobic water 120
diiodomethane 181 oleophobic water vapor (sat.) 65
toluene 110.6 oleophobic air 38
Fig. 2 Evaporation of water-diiodomethane double emulsion droplet (a) Side views (S1-S4) and corresponding top views (T1-T4) of
an evaporating double emulsion drop : evaporation of the outer phase followed by simultaneous evaporation of both the drops in a
transition phase (S1-S4 ; T1-T4). Later (S5 ; T5), the outer phase is completely dried and inner drop evaporates until a film phase (S6
; T6) with nearly zero contact angle is achieved. S7 and T7 show the resurfacing of the film into a small daughter droplet. (b) Dynamic
variations in the contact angle of the three evaporating drops - outer, inner and daughter. Dynamic variations in the contact angle of the
three evaporating drops - outer, inner and daughter. Symbol representing the experimental observation, dotted and continuous lines
are theoretical predictions with appropriate models. Inset shows the transition regime where the inner drop attains θ∗ - it is different
from (θDI,a), (θDI,w) or (θDI,sat ) on the same substrate. (c) Corresponding change in the base diameter depicting the same phenomenon
magnified in the inset.
4
immeasurable. Most of the studies reported the end of the
evaporation up to this phase. But in the case of double-
emulsion droplet, resurfacing of a daughter droplet from
the thin film is noticed which further evaporates at a dif-
ferent rate.
Quiet interestingly, for complete inner drop evapora-
tion, the fixed TPCL mode is observed as shown in the
Fig. 2 until the sudden appearance of a daughter droplet.
Hence the apparent completion of evaporation was deceiv-
ing due to the limitations of the imaging system which gen-
erally allows to measure contact angles as low as 2− 5◦.
We further quantified the evaporation of this resurfaced
new drop which is marked as daughter droplet evapora-
tion regime in fig. 2 (b) and (c). This emergence of daugh-
ter drop from an invisible (as viewed from the side) thin
film motivated us to analyze the evaporation from the top
view as depicted in fig. 2 (a). Despite the fact that the con-
tact angles measured from side view (S6) indicate com-
plete evaporation, the top view shows the presence of a
thin-film (T6). After a few seconds, a daughter drop ap-
pears for which the contact angle and base diameter can
be measured until it dries out. We have confirmed this ob-
servation three times and one can assure that in case of
the water-diiodomethane double-emulsion drop evapora-
tion, the diiodomethane drop gets pinned during evapo-
ration. The pinning of the contact line might be a result
of the presence of water vapor along the TPCL which does
not allow the drop to change the mode of evaporation from
fixed TPCL to moving TPCL.
In case of fixed TPCL, with decreasing contact an-
gle, the pinning force gradually increases and the drop
experiences stronger resistance against contact line move-
ment37. This consequences in the formation of such thin
film and at one point the competition between pinning
force and the inward contracting force, reported as snap-
ping38 reach their maxima and suddenly slippage occurs.
Such a slip is not a rare occurrence for drop evaporation34.
When a droplet evaporation shows alternating switch be-
tween fixed and moving TPCL mode, the reconfigured drop
demonstrate the jump in the contact angle. But in the
situation considered here, pinning of TPCL is not a ran-
dom occurrence, it is prolonged until the end of the fixed
contact line evaporation which is very end of drying pe-
riod. This delayed fixed TPCL mode with significantly
higher evaporation at the contact line of pinned thin film
results in a quicker slip motion followed by a formation
of daughter drop with a moderately larger contact angle.
Non-axisymmetrical snapping off of the contact line can
be attributed to the nonuniform surface roughness at the
contact line. The observed evaporation on outer, inner
and daughter droplet is compared with existing models
and modifications were required to obtain the appropriate
theoretical predictions. Hence, prior to propose modifica-
tion to the well-established approaches, confirmation of the
validity of considered theoretical models for single phase
drops is of paramount importance. In the latter section we
have validated the theoretical model with that of the single
phase drop evaporation using similar drop-substrate con-
figuration. This is then further extended to double emul-
sion case.
Single phase drop evaporation
Fig. 3 Evaporation of single phase droplets: (a)Contact angles
and (b) base diameter of evaporating water droplets of different
volumes demonstrate both fixed and moving TPCL during the
drying time.
At first, the water (outer)) and diiodomethane (inner)
drops of different volume were analyzed separately which
will be further compared to the double emulsion drop sce-
nario. As in Fig. 3 (a) and (b), water droplets of differ-
ent initial volumes are seen to evaporate39,40 in a similar
fashion. Theoretical estimations for fixed TPCL mode, dis-
cussed later in this paper, are compared with experimen-
tal observations as presented in Fig. 4 (a) for a range of
droplet volumes with varied volatility and diffusion prop-
erty.
A special attention is given to the complete evapora-
tion of a 0.25µL diiodomethane droplet since the inner di-
iodomethane drop for double emulsion drop evaporation
study is of same volume. Figure 4 (b) suggests that in case
of single phase diiodomethane drop the number of ‘stick-
jump’34 scenario is observed. To pinpoint this observation,
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Fig. 4 (a) Comparison between experimental data and theoretical model33 for fixed TPCL mode for single phase droplet evaporation
(b) evaporation of a diiodomethane droplet − fixed TPCL mode for the first half of the drying time is followed by intermittent moving
TPCL mode with a number of stick-slips.
Fig. 5 Droplets of liquids with varying volatility follows fixed TPCL
mode more than half of its drying period and the onset of transi-
tion between two modes of evaporation occurs approximately at
same time fraction.
the position of two ends of the base diameter is traced as
depicted in Fig. 4 (b). Similar observations were made for
larger (1µL) diiodomethane drop except the fact that the
increase in volume increases the drying time. Larger con-
tact angle hysteresis is one of the factors that causes such
‘stick-jump’ behavior34. Hence, hysteresis was measured
by tensiometer (K100, KRU¨SS GmbH, Hamburg, Germany)
and goniometer (DSA100E, KRU¨SS GmbH). The contact
angle hysteresis for oleo-phobic substrate, acrylic sheet and
adhesive surface were 36◦, 30◦ and 54◦, respectively. The
high contact angle hysteresis contributes to the dominance
of fixed TPCL mode41. Prior to discussing the theoretical
aspect of the evaporation, it is worth mentioning that the
time fraction required to complete the first mode (fixed
TPCL) of evaporation of liquids with different volume and
volatility falls around the same time range. In Fig. 5, for all
liquid-solid combinations considered in this study, a fixed
TPCL mode of evaporation is observed for a time period
more than half of the total drying time.
For comparing these results with double emulsion
drop case, a single phase droplet model is adapted. For
evaporation of a sessile droplet, contact line dynamics and
surface morphology complicate the scenario where contact
angle as well as base diameter of the TPCL24,42 dictate the
dynamics. The diffusion model proposed by Popov 43 for
a sessile droplet (of mass M and density ρ) with contact
radius, Rc and contact angle, θ , takes the form of equation
1 :
dM
dt
= ρ
dV
dt
=−piRD∆c f (θ) (1)
Here, the function f (θ) is given by the following expression
f (θ) =
sinθ
1+ cosθ
+
∫ ∞
o
1+ cosh(2θτ)
sinh(2piτ)
tanh[(pi−θ)τ]dτ (2)
where, τ is non-dimensional drying time43.
As the droplet gets pinned during fixed TPCL mode, the
loss in mass translates into corresponding decrements in
height and contact angle until a critical contact angle is at-
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tained. Though a droplet would like to evaporate without
any additional penalty in its energy, by maintaining equi-
librium contact angle, the pinning of the TPCL and domi-
nant evaporation flux across the liquid-air interface create
resistance against the smooth decrease in base diameter44.
But as a critical angle is approached, the evaporation flux
at the TPCL becomes large enough to surpass the energy
barrier resulting in the change of base diameter. Occasion-
ally, in this second mode of evaporation the stick-slip45 or
stick-jump behaviour of TPCL is noticed34. Assuming the
spherical cap assumption along with the functional varia-
tion of contact angle (Eqn 2), the instantaneous change of
droplet contact angle in moving TPCL with fixed contact
angle mode can be derived as33:
dθ
dt
=−D∆c
ρR2
(1+ cosθ)2 f (θ) (3)
The estimations, predicted by Eq. 3, are compared with
experimental data in Fig. 4 (a), i.e., for the single phase
droplet scenario, which clearly suggests that the selected
theoretical model (Eqn. 3) can predict the droplet evapo-
ration dynamics. However, one can detect deviation from
theoretical predictions for highly volatile liquid drop as no-
ticed for toluene in Fig. 4 (a).
Double drop’s disparity from single drop
Following to the validation of single phase, the similar
model was extended for all three drops (outer, inner
and daughter) of double emulsion droplet. For a double
emulsion droplet, one might expect that after the complete
outer drop evaporation, the inner drop attains the Young’s
configuration. The inner diiodomethane drop attains the
equilibrium inside water medium with contact angle θDI,w
and by the time it is exposed to air, contact angle reduces
to θ ∗. For analyzing the significance of θ ∗ the contact angle
of the diiodomethane in saturated water vapor (θDI,sat)as
well as in water medium (θDI,w) is also measured and
compared. The contact angles of diiodomethane in air,
water medium and in saturated water vapor (θDI,sat) are
provided in Table 2 and Fig. 2(b). The new configuration
with contact angle, θ ∗ less than θDI,air and θDI,sat , suggests
the change in the local surface energy of the solid, i.e.,
solid-air interfacial energy. The transition from θDI,w to
θ ∗ is due to the evaporation of the outer drop and the
appearance of new configuration compared to θDI,air and
θDI,sat might be due to the adsorption of water as well
as diiodomethane vapor. We assume, this change follows
similar behaviour as θw, hence in Fig.2(b) we connect
θDI,w to θ ∗ with a dashed line parallel to the evaporation
of single phase water drop evaporation passing through
θDI,a and θDI,sat . As observed for saturated environment
wettability studies46, the saturated vapour not only main-
tains the contact angle closer to theoretically predicated
Young’s angle, but also circumvent the decrements in the
contact angle due to evaporation46,47. During the outer
water drop evaporation the surrounding medium for the
inner drop gets saturated with the water vapour which
further gets adsorbed on the solid surface. Once the
outer liquid cushion is evaporated, inner drop is suddenly
exposed to a modified surface energy interface that results
in another marginal decrease in the contact angle, ∆θ ∼ 5◦
(inset of Fig. 2(b)) with sudden increase in base diameter,
∆Φ∼ 0.1 mm (inset of Fig. 2(c)) of the inner drop.
It is important to comment on the theoretical mod-
eling of evaporation, validated in Fig. 3 (b), for double-
emulsion droplet case, in particular, for inner and resur-
faced daughter drop. It is evident that, double-emulsion
drop evaporation follows the same modeling as of single
phase until the onset of the transition regime. One can ar-
gue that the role of the inner drop is negligible for outer
drop evaporation, hence the continuous line, the behavior
predicted for a single phase drop, perfectly matches with
the experiential results. If we consider a single phase wa-
ter drop (without inner drop) of the total volume equal to
the volume of double emulsion drop, the fixed TPCL evap-
oration in air can be observed up to tdry,w,a as shown in the
Fig.2 (b). But the presence of the inner drop alters the total
evaporation time as well as the mode of the evaporation.
Since the evaporation of inner and daughter drop is mainly
of fixed TPCL, it is worthwhile to validate the single phase
drop evaporation models for inner and daughter drop. As
presented for outer drop evaporation, the continuous lines
in Fig. 2(b) represent the theoretical behaviour predicted
by Eq. 3 for inner and daughter drop. It is evident that this
approach either over predicts or under predicts for inner
and daughter drops. We carefully performed the paramet-
ric analysis and concluded that the presented modelling is
sensitive to the concentration and diffusion of the phases
involved in the evaporation. For a double-emulsion drop
evaporation case, it is debatable whether outer or inner
drop properties play a role or combined properties need to
be considered. The tuning of the theoretical model sug-
gests that while considering the model for inner drop and
daughter drop evaporation, volume weighted averaging of
the concentration gradient and the diffusion coefficients
predicts the behaviour closer to the experimental observa-
tions. The dashed lines in Fig. 2 (b) depict the modified
theoretical predictions with appropriate averaged proper-
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ties of liquids.
This modification in the diffusion and concentration is at-
tributed to the presence of outer phase, i.e., vapor phase of
the outer liquid in the vicinity of the TPCL and the liquid-
air interface. This might have altered the properties dom-
inating the phenomenon; hence using only single phase
properties (continuous lines - blue) over or under predict
the experimental observations. This signifies the role of al-
tered surrounding conditions due to the evaporation of two
different liquids. Proper quantification of this alteration
and the physical explanation may interest researchers for
a detail study. Further, the relative solubility of the two
associated phases is another aspect which needs to be con-
sidered. But in the present study, we have not varied the
relative solubility which would be another interesting as-
pect to investigate.
It is worthwhile to note that the evaporation experiments
were conducted for different volumes of the inner and
outer drops (0.25 and 0.50 µL inner diiodomethane drop
in 2,3 and 5µL outer water drop). Similar evaporation
patterns can be observed with the exception of the evap-
oration rate which depends on the initial volume and con-
tact angle as depicted in Fig. 3 (a) for single phase drop
evaporation. After proposing the revised model for double
emulsion droplet evaporation, the occurrence of daughter
droplet is investigated in the upcoming section.
Resurfacing of evaporating drops
Interestingly, the occurrence of daughter drop was absent
in the case of single phase scenario, i.e., diiodomethane
drop on the same substrate. It is important to investigate
why such a resurfacing was never observed in the case of
single phase droplet evaporation. Therefore, experiments
with evaporating water droplet on a number of substrates
including acrylic, copper, aluminum sheets, micro textured
and adhesive surfaces were performed. Surprisingly, only
adhesive coated surfaces demonstrated the resurfacing of
water drops as can be seen in Fig. 6 (a). The top two pan-
els depict the top and side views of the evaporating drops.
Change in contact angle with corresponding base diameter
is shown with filled and empty symbols, respectively. The
dominance of fixed TPCL evaporation mode convinced us
to conclude that if fixed TPCL evaporation can be signif-
icantly prolonged over the drying time, one can observe
the resurfacing of the daughter droplet. Fig. 6 (a) mainly
focuses on the end of the fixed TPCL evaporation until it
reaches the smallest measurable contact angle. Different
stages presented in the panel are denoted along the change
in the contact angle with roman numbers (I - IV). Care-
ful microscopic observation of the adhesives layer suggests
that the surface contains micro-nano features (Fig. 6 (b) -
I). Thus the surface facilitates the pinning of the contact
line which eventually forces the drop to form a film before
the daughter drop formation. In this case, while the daugh-
ter drop resurfaces, a big jump in contact angle (from 0 to
30◦) is noticed as shown in Fig. 6 (a).
To view the film and resurfacing of the drop, the cam-
era viewing angle was slightly tilted (∼ 2◦) which demon-
strates thin film (III and IV in side view) corroborating the
presence of liquid film in corresponding top views. The
pinning of the TPCL can be confirmed by ring like impres-
sion similar to ‘coffee stain ring’ as shown in Fig. 6 (b) - II.
This ring acts as a peripheral pinning location that holds
the droplet until it converges to a thin film with vanish-
ing contact angle. However, it is well established that, if
the evaporating flux at TPCL is significantly larger than the
evaporation flux across the liquid-air interface, it surpasses
the pinning strength and hence, moving TPCL evaporation
can be observed. In case of the evaporation on adhesive
surface, the evaporation flux at TPCL is not large enough
until the drop attains the form of a thin film. The mo-
ment the evaporation across the air-liquid interface of thin
film is not dominant enough, resurfacing triggers into the
formation of daughter drop as shown in Fig. 6 (a) IV −
VI. However, a double emulsion or a single diiodomethane
drop do not exhibit such behavior on this particular sub-
strate emphasizing on the dependency or sensitivity of this
phenomenon on surface-liquid combinations.
With the observation of resurfacing, we identified a
critical aspect that dictates the formation of the daughter
droplet, i.e., pinning of the contact line for entire evapora-
tion of the droplet. To validate this proposed hypothesis,
we artificially engineered a physical barrier by engraving
a ring on an acrylic substrate. This artificial ring of 1.5mm
diameter is of the same dimension as that of the base di-
ameter of water drop of a given volume. The top view of
the engraved acrylic substrate is shown in Fig. 6 (b) -III.
For comparison, we initially studied the water drop evap-
oration on an acrylic substrate without any ring as shown
in Fig. 6(c) which clearly demonstrates the usual modes
of the evaporation. Top and side views at three different
time instants also depicts the movement of the TPCL. Since
there is no pinning of the three phase contact line, we can-
not expect a thin film phase and subsequent resurfacing.
Discordantly, when evaporation of water drop is observed
on the same substrate with a ring (with micro metric depth
of ∼ 100µm), we observe the prolongation of fixed TPCL
mode over almost the entire drying period as shown in
Fig. 6 (d). The drop remains pinned along the TPCL (S I, S
8
Fig. 6 Evaporation and resurfacing of droplet. (a) Evaporation on adhesive surface incorporates thin film phase and resurfacing into
a smaller droplet. The grey circles with numbers refer to the corresponding top and side views. Experimental data for contact angles
and base diameter (non dimensional) are presented with filled and empty symbols. (b) I − microscopic view of the adhesive surface
shows the micro-nano features of the surface (b) II − a ring like impression creates local pinning sites along the TPCL (b) III − a micro
metric ring is machined on an acrylic sheet to dummy the ring effect (c) water drop evaporation on a acrylic sheet without ring shows
no film phase or resurfacing (d) with the ring on the acrylic sheet distinct thin film phase followed by resurfacing of a daughter droplet
is seen.
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II ; T I, T II) until the contact angle reaches zero and forms
a thin film (T III; S III). This is followed by the resurfacing
of a daughter droplet (S IV, S V ; T IV, T V) as hypothe-
sized, with a jump in contact angle as depicted in the plot
along with associated decrease in base diameter. Thus, by
employing our hypothesis i.e., forcefully pinning the TPCL,
resurfacing of a daughter droplet is demonstrated on a reg-
ular substrate which otherwise doesn’t behave similarly.
Conclusions
The evaporation of single phase drops well agree with
existing theoretical model, however significant deviations
have been observed for the double drop case. A modi-
fied theoretical approach agrees with the observed evap-
oration modes for the double emulsion drops. Evapora-
tion of such droplet exhibits the commonly observed modes
of evaporation with two new regimes in its drying time.
The transition regime from outer to inner drop constitutes
a sudden spreading of the inner droplet which results in
a wetting scenario that is different from the theoretically
expected equilibrium configuration for similar liquid-solid-
vapour combination. The sudden change in the contact
angle imprints the complete drying of the outer drop liq-
uid and can be attributed to complete exposure of the in-
ner droplet to environment. A resurfacing of a daughter
droplet is witnessed after the commonly identified comple-
tion of the evaporation. This observation is critically in-
vestigated and attributed to the pinning of the three phase
contact line. Later, we forcefully pinned the three phase
contact line of a single phase droplet by carefully engineer-
ing a substrate and a mechanism of daughter droplet resur-
facing from thin film is established.
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